Abstract: Gastroesophageal reflux disease (GERD) is widely associated with asthma, chronic cough, and laryngitis. Many studies have focused on acidic reflux; however, acid is just one of many factors that can cause pulmonary injury. The discrepancy between the high frequency of GERD in asthmatic patients and the ineffective reflux therapy outcomes in these patients suggests that GERD may cause injury through other mechanisms, such as pepsinogen, pepsin, bile salts, or other components of reflux materials, instead of the acid. Research using appropriate and innovative methodologies to investigate these potential inflammatory agents in patients with GERD is required to determine the underlying factors associated with pulmonary disorders in these patients.
INTRODUCTION
Gastroesophageal reflux disease (GERD) is a common problem caused by the reflux of gastric contents into the esophagus that can lead to esophageal and extraesophageal manifestations. Extraesophageal reflux syndromes involve several areas, including lung (asthma, chronic cough, bronchiolitis obliterans, pneumonia, and fibrosis), otolaryngological syndromes (laryngitis, otitis, polyps, and cancer of the larynx), chest pain, and oral and dental erosions. Respiratory disorders are among the most challenging extraesophageal syndromes of GERD. Epidemiological studies have revealed that respiratory problems, such as asthma and cough, are more likely to occur in patients with GERD than in healthy subjects [1] . However, the cause-and-effect association between respiratory disorders and GERD is controversial because each may induce the other.
GERD may cause these symptoms by a direct mechanism via aspiration and an indirect neurally mediated mechanism [2] [3] [4] [5] .
A disturbance of the normal protective mechanisms may allow direct contact of gastroduodenal contents with the larynx or airway Defective protective mechanisms may lead to put in contact gastroduodenal contents with respiratory tissues (direct irritation). Reflux may also stimulate a vagal reflex arc producing cough and/or bronchospasm. On the other *Address correspondence to this author at the Baqiyatallah University of Medical, Sciences, Research Center of Chemical Injuries, P.O. Box: 19945-546, Tehran, Iran; Tel: +98 21 88600067; Fax: +98 21 88211524; E-mail: mghanei@hbi.ir hand, asthma or cough episodes can stimulate reflux by producing a negative intrathoracic pressure that overcomes the lower esophageal sphincter (LES) barrier. Moreover, asthma medications, such as theophylline, beta 2-agonists or prednisone, have been found to possibly increase GERD by interfering with respiratory protective mechanisms.
Animal studies have demonstrated that tissue injuries may be initiated by gastric or duodenal materials (pepsinogen, trypsin, and bile acids [3] [4] [5] ) even in the absence of an acid medium [6] . Therefore, nonacidic reflux may cause tissue changes and symptoms that may not be adequately covered by proton pump inhibitors (PPIs). This rationale is hold by the marked improvement of GERDassociated pulmonary symptoms by surgical procedures as well as the evidence derived from recent functional monitoring systems support this thesis [7] [8] [9] .
Response to PPI therapy is most often used for diagnosis of GERD in these patients. Although GERD is multifactorial, it is actually a motility disorder, and impaired LES function has a major role [10] . Despite the fact that epidemiological studies support a remarkable association between GERD and pulmonary symptoms of reflux, response to PPI therapy has shown diverse results and is not promising. The discrepancy between epidemiological studies and clinical trials with PPIs has not been well investigated. However, interpretation of the results based only on therapeutic clinical acid-suppressive trials is under question because GERD is a motility disorder, and nonacidic reflux secondary to GERD may still provoke respiratory problems. The purpose of this review is to explore the reasons for this discrepancy, highlighting the neglected role of non-acidic refluxate in these clinical trials with an emphasis on asthma and cough.
PATHOPHYSIOLOGIC ROLES OF NON-ACIDIC RE-FLUX IN EXTRA-ESOPHAGEAL MANIFESTATIONS OF GERD
As mentioned above, many studies have focused on acidic GERD. The discrepancy between the high frequency of GERD in asthmatic patients and the low effectiveness of acid-suppressive treatments on asthmatic symptoms may suggest that GERD can exert its effects through mechanisms other than excessive acid production and/or that asthma per se can lead to GERD. Acid suppression and PPI therapy can change acidic reflux to nonacidic reflux, but in fact, they do not resolve reflux that can still produce respiratory symptoms [11] . Aspiration of gastric contents, such as pepsinogen, pepsin, pancreatic enzymes, and bile acids/salts, has also been reported to cause respiratory symptoms in asthmatic patients [12, 13] . Bronchial epithelial cells of patients that are under treatment with PPIs have been shown to promote elevated IL-8 production in response to gastric content exposure. These data suggest that the refluxe in patients treated with PPIs may still induce pulmonary inflammatory responses that may even be induced in response to microbial agents or endotoxins in gastric content [14] . However, few studies have examined the role of nonacidic reflux on respiratory epithelium. Moreover, the constituents of gastric contents that have the most deleterious consequences on the respiratory epithelium have not yet been identified.
Pepsin can induce the production and release of inflammatory mediators and receptors in hypopharyngeal tissues under nonacidic conditions, which shows that pepsin may be associated with laryngeal epithelial inflammation during the course of nonacidic GERD in patients treated with high-dose PPI [15] . Pepsin may enter epithelial cells by endocytosis and cause Golgi complex and mitochondrial damage as well as interfere with gene expression pathways that are implicated in cell toxicity. Irreversible inhibition of peptic activity seems to prevent at least some of these changes. Pepsin can even lead to tissue injury at a pH of 7 after reactivation in epithelial cell [16] . In a study by Patterson et al., the authors reported that gastric contents in the esophagus in patients with asthma and chronic cough facilitated the release of substance P and neurokinin A into the lungs thus causing an inflammatory response in the respiratory epithelium [17] . Moreover, esophageal distention may induce neurogenic reflexes that can result in neurogenic airway inflammatory responses [13] . Improvement of respiratory symptoms following fundoplication and other surgical treatments indirectly supports this idea [18] .
ASTHMA AND GERD
Epidemiology. In the last decades, many efforts have been made to identify a possible association between GERD and asthma. GERD prevalence in patients with asthma has varied widely in different populations, ranging from 30% to 90% [19, 20] . In a systematic review that examined 28 studies, a 59.2% weighted-average prevalence of GERD symptoms was observed in patients with asthma, while only 38.1% of controls had these symptoms [21] .
A very careful study reported by Sontag et al. [22] demonstrated a higher frequency and severity of daytime and nighttime reflux symptoms in asthmatic patients than in appropriate controls. In Norway, a recent cohort study in 58,000 subjects reported that asthmatic patients were about 60% more likely to show GERD symptoms than were controls after adjustment for confounding factors [odds ratio (OR), 1.6 [23] . Another study in the UK demonstrated that the risk for asthma is increased in the years after the diagnosis of GERD (OR, 1.4; 95% CI, 1.0-2.1) [24] . More recently, DiMango et al. demonstrated that asthmatic patients with GERD had lower asthma-related quality of life than did patients without GERD [25] .
Temporal correlation between GERD and asthmatic symptoms is another important aspect that seems to reinforce the theory. In fact, such an association between pulmonary symptoms and acid reflux events detected by esophageal pH testing has been reported in 46 to 78% of patients with asthma. Consequently, if reflux triggers asthma, which in turn increases reflux episodes, a pathological circular effect may cause worsening or prolongation of asthmatic symptoms.
Diagnosis. The results of many studies using acid suppression strategy in asthmatic patients are not comparable since GERD has been identified on the basis of different mechanisms, such as clinical manifestations, pH monitoring, or both [26, 27] . The follow-up period, type and dosage of acid-suppressive drugs were also different in these studies. Other confounding aspects when analyzing the literature include the different target endpoints (improvement of symptoms, peak flow meter, PFTs, and quality of life) evaluated in the studies.
Medical treatment of GERD in asthma.
One method to establish a cause-effect relationship between GERD and asthma is to demonstrate improvement in symptoms following acid-suppressive therapy. Numerous clinical trials have examined the effects of PPI therapy on asthma. Several studies have observed an improvement of asthma symptoms after acid-suppressive therapy [28, 29] . In a large study of 207 asthmatic patients with GERD symptoms, the authors concluded that fewer cases developed exacerbation of asthma following treatment with lansoprazole than following treatment with placebo (8 vs 22 patients, respectively; P = 0.05) [30] . In another study, 15 asthmatic patients (27%) with GERD treated with omeprazole showed a 20% improvement in forced expiratory volume in the first second (FEV 1 ) while only 9% did so in the control group [31] . Levin et al. reported an improvement of peak expiratory flow (PEF) rate in 9 asthmatic patients with GERD after omeprazole treatment for 8 weeks [32] . In a double-blind randomized study in 25 patients with asthma and GERD, a statistically significant improvement in evening PEF rate was observed following treatment with omeprazole compared with placebo (P = 0.05) [33] . In contrast, in a controlled study in 11 asthmatic patients with GERD and nocturnal asthma, low-dose PPI (20 mg/day) did not improve asthma symptoms or PEF [34] . Another study in 36 asthmatic patients with GERD and chronic obstructive pulmonary disease reported no improvement in PFTs results or respiratory symptoms following treatment with omeprazol [35] . In a systematic review by Gibson et al. [36] using 12 randomized placebo-controlled trials and the Cochrane methodology, no significant improvement in asthmatic symptoms was found after acid-suppressive therapy in GERD patients. In another randomized placebo-controlled study in 207 patients with asthma and GERD symptoms, lansoprazole 30 mg b.i.d for 24 weeks reduced asthmatic exacerbations but did not dramatically improve asthma symptoms and PFTs. It should be considered that patients with moderate to severe GERD were excluded regarding their need for antireflux treatment. Mastronarde et al. [37] demonstrated that PPI treatment did not improve asthmatic symptom control in patients with refractory asthma and silent reflux.
Only 2 studies have shown a significant improvement in peak flow values [27, 38] .
Data from a recent randomized, double-blind, controlled study by the American Lung Association Asthma Clinical Research Centers revealed that esomeprazole therapy b.i.d for 6 months did not improve control of asthma in patients with refractory asthma and silent reflux [37] . In this study that used ambulatory 24-h pH monitoring before initiation of acid suppression, about 40% of the patients had reflux but did not show clinical significant response to PPI therapy. One limitation, however, was that the role of nonacidic reflux was disregarded in this trial.
In children, the situation is quite similar to adults. Although 2 studies have reported very good results in children [39, 40] , Stordal et al. [41] , in a double-blind randomized trial, concluded that acid-suppressive treatment in asthmatic children with GERD did not improve asthmatic symptoms These variations may partly justify the inconsistency of the results.
Surgical treatment of GERD and asthma.
Many uncontrolled studies have suggested that surgery for GER might offer beneficial effects on certain outcomes of asthma. Irwin et al. [42] demonstrated that fundoplication could significantly improve asthmatic control in patients who did not initially respond to acid suppression.
The value of surgical treatment is probably related to the control of any sort of GERD, including both acidic, nonacidic, and bile reflux. Sontag et al. [22] compared the effects of fundoplication, ranitidine, and placebo on asthmatic manifestations in asthmatic patients with GERD. They concluded that 74.9% of patients showed improvement in asthmatic symptoms following surgery compared with those of 9.1% of patients who received medical treatment with ranitidine and only 4.2% of the patients in the control group.
CHRONIC COUGH AND GERD
Epidemiology. Chronic cough is one of the most common clinical presentations in primary care practice [43] . It is believed that cough is common in both erosive (30.5%) and nonerosive (34.9%) GERD [44] .
An epidemiological association between gastric reflux and chronic cough has been demonstrated in patients of all ages [45] . However, the major limitation of many of these studies is that patients with reflux-associated cough may have silent GERD and not show GERD symptoms.
Diagnosis.
Recently, the pH threshold has also been questioned because weakly acidic reflux has been reported to be responsible for symptoms and cough in asthmatic patients off and on acid-suppressive therapy. As it occurs with asthma, esophageal pH monitoring has been used to examine the association between cough and reflux in these patients.
The impact of esophageal motility defects, such as ineffective motility and delayed esophageal clearance, has been examined in chronic cough. In regard to reflex mechanisms, higher cough sensitivity following acid perfusion into the distal part of the esophagus was shown in patients with GERD and cough than in patients with GERD and no cough [46] . Topical esophageal anesthesia with lidocaine has also been shown to block acid-induced cough [47] . In a study in Wistar rats, stimulation of the esophagus with pepsin and acid led to higher c-Fos gene expression in the medulla, suggesting that acid and pepsin stimulation of the distal esophagus may cause cough-center stimulation [48] . It should be mentioned that cough and reflux may worsen each other in a circular manner that could result in more prominent manifestations.
Medical treatment of GERD in chronic cough.
Treatment of cough-related reflux has been examined in many trials of acid-suppressive drug therapy and surgery, most of which have had limitations, such as small sample size, and shown inconsistent results that have made it hard to draw conclusion on the basis of their results.
In a study in patients with reflux and chronic cough, just 1 of 8 patients responded to treatment with omeprazole while none of the 9 individuals in the placebo group had such a response [49] . Kiljander et al. reported the results of their study in 29 asthmatic patients with positive 24-h pH monitoring test findings that showed significant improvement with omeprazol [50] . In a recent study, however, Baldi et al. [51] found that there was no difference in improvement of cough symptoms in asthmatics with GERD between different doses of lansoprazole.
In another recent trial using medical treatment with omeprazole, Vaezi et al. [52] reported complete improvement of cough symptoms in 10 of 11 cases with GERD following a 2-month period. However, most other trials have not shown significant improvement of chronic cough following treatment with acid-suppressive medical therapy [53] , suggesting that factors other than the acidic content of the refluxate can be considered in patients that show no response to PPIs and that the role of nonacidic reflux in these individuals should be investigated. In addition, results from a meta-analysis of randomized controlled trials of chronic cough patients with GERD that compared PPI therapy with placebo over a 3-month period demonstrated no significant improvement in cough symptoms between PPI and placebo (odds ratio = 0.46; 95% CI, 0.19-1.15). New therapeutic strategies should be proposed that target both acidic and nonacidic reflux in patients with resistant cough.
Surgical treatment of GERD in chronic cough. In patients with documented correlation between GERD and cough who had no response to acid-suppressive treatment, antireflux surgery has yielded encouraging results, suggesting the presence of nonacidic reflux despite PPI therapy [11] . Outcome controlled studies of antireflux surgery in asthmatic patients with cough are required to elucidate the value of surgery in individuals who do not respond to PPI therapy.
OTHER PULMONARY MANIFESTATIONS ASSOCI-ATED WITH GERD
Several other pulmonary disorders have been supposed to be related to GERD. Epidemiological studies in these patients have demonstrated an increased risk of chronic bronchitis (OR:1.28) [1] , chronic obstructive pulmonary disease (OR:1.22) [54] , idiopathic pulmonary fibrosis (IPF) (OR:1.36) [54] and cystic fibrosis [55] . Moreover, GERD is more common in IPF compared with normal population [56] . Various respiratory complications of reflux have been reported in children with neurologic disorders or patients with debilitating diseases secondary to reflux [57] .
Reflux episodes and bile acid aspiration in lung transplant patients have been thought to play an important role in the development of bronchiolitis obliterans syndrome (BOS) [58] . It has been demonstrated that lung recipients with bile in their BALF samples develop BOS earlier and are less likely to improve from BOS. In addition, higher levels of bile acids in BALF samples of lung transplant patients have been shown to be correlated with higher plasma IL-8 concentrations and neutrophilia in the BALF [59] . In the interesting study by Cantu et al. [60] , the authors concluded that early fundoplication can significantly reduce development of BOS in lung transplant patients with GERD. GERD has been also associated with diffuse bronchiolitis and BOS-associated pneumonia in those without lung transplantation [61] . Also, GERD has been associated with poorer PFT in cystic fibrosis patients with GERD than in patients without GERD [55] . Gastric aspiration is also more prevalent in tube-fed patients and can lead to pneumonia and increased use of hospital resources [62] .
FACTORS CAUSING CONTROVERSIES IN THE LITERATURE
One explanation is that the design and methodologies differed extensively among the studies because research in this area is spread over multiple disciplines. Moreover, the lack of clarification regarding manifestations actually caused by GERD, the best way of identifying these conditions, and the best treatments and course of therapy may have caused uncertain results. It is likely that patients have been diagnosed mistakenly and their asthma or cough was not a result of GERD. About 20% to 30% of individuals with GERD symptoms still suffer from their previous symptoms while on acid-suppressive treatment. Moreover, persisting reflux can be documented in about half of these cases, which proves the insufficiency of acid-suppressive therapy in these patients [63] . Again, it should be noted that acidic content of the refluxate may represent only 1 of the components involved in respiratory damage, and more specific research is required to identify the source of pulmonary inflammation, such as bile, pepsin, microbial components, and other components, in these patients.
Another explanation is that individuals with more prominent and severe reflux disease may be more likely to show considerable improvement of pulmonary manifestations following acid suppressive therapy [64, 65] . These individuals are usually excluded ethically for safety reasons from all studies, which may contribute to a large bias in results. Moreover, it should be considered that all PPIs or empirical treatments have their own limitations, and GERD should not be simply ruled out because of insufficient response to PPI treatment. Similarly, inclusion criteria that will lead to the selection of an appropriate target group and the best therapeutic regimens have not yet been defined.
NEW TARGETS FOR TREATMENTS
The predominant mechanism of GERD is supposedly transient LES relaxations. Baclofen is an agonist of gammaaminobutyric acid (GABA), which decreases reflux frequency by decreasing frequency of LES in addition to having antitussive effects. However, its side effects have limited its use as a routine medication. Newer GABA agonists with fewer adverse effects are now under investigation and being used in a clinical trial to potentially show improvement in motility disorder in GERD patients. A new generation of antireflux therapies has targeted transient lower esophageal sphincter relaxation, which is the basic underlying cause of reflux. GABA B agonists and metabotropic glutamate receptor 5 (mGluR5) antagonists are the most remarkable drugs in this group and have been effective in decreasing reflux symptoms and episodes [66] .
CONCLUSIONS
GERD is a common disorder caused by the reflux of gastric contents into the esophagus that may lead to several esophageal and extraesophageal disturbances. Most previous randomized clinical trials have targeted acid suppression, and other components of the refluxate have been largely neglected. Currently, there is a considerable body of evidence available indicating the important role of nonacidic gastric components in pulmonary inflammation and toxicity. Symptom improvement in response to surgical procedures that target the basic mechanism of reflux as a motility disorder provides support for this idea. Hence, the important question is how future studies should be designed and which methodologies should be used to obtain more accurate results on the association of GERD and respiratory problems. Definitions and outcome measures should be standardized. The presence and composition of major gastric contents should be investigated in the respiratory tracts in patients with GERD and respiratory problems specially in those that continue to have respiratory problems despite treatment with PPIs. Finally, there is a need for newer treatments that target the basic mechanism of GERD and its role in symptom improvement in these patients.
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